Carbon nanotubes filled with iron nanowires (Fe@CNTs) show magnetic anisotropy because of the high aspect ratio of the nanowires and are expected to find numerous applications such as magnetic recording media, probes for scanning force microscopy and medical treatment for cancer (hyperthermia). These applications require precise control of Fe@CNT growth. This growth depends on the condition of the substrate surface on which the CNTs are grown. In this study, Fe@CNTs were synthesized by thermal chemical vapor deposition on various thin metal films (Fe, Ni, Co, Al, Pt, Ti, or Mo) deposited on SiO2/Si(100) substrates using ferrocene as a precursor, and their growth characteristics were investigated. The growth clearly depends on the metal species incorporated in the thin films. Magnetic properties correlated with growth morphologies. Therefore, the appropriate selection of an underlayer is important for controlling magnetic characteristics of Fe@CNTs.
INTRODUCTION
Carbon nanotubes filled with iron nanowires (Fe@CNTs) [1] [2] [3] show high coercivity (typically 79.6 kA/m) because of shape anisotropy originating from the high aspect ratio of the nanowires. In addition, their graphite layer serves as a protective layer for the encapsulated metal, thereby providing anticorrosivity to the nanowires. These properties make Fe@CNTs promising candidates for various applications, such as magnetic recording media [4, 5] , medical treatment for cancer (hyperthermia) [6] [7] [8] , and flexible magnetic devices, which require controlled growth and enhanced magnetic properties.
Several studies have addressed Fe@CNTs synthesized by thermal chemical vapor deposition (T-CVD), along with their growth characteristics and magnetic properties [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . In our previous study, the Fe@CNT growth morphology strongly relied on growth temperature and the amount of precursor used in the T-CVD reactor and impacted magnetic properties; the coercivity exceeded 127.6 kA/m (1.6 kOe) because of the crystal structure of the Fe@CNT, which is remarkably valuable considering that iron is a soft magnetic material [22] .
A growth mechanism has been proposed by Müller et al. for Fe@CNTs [18] . In this mechanism, Fe nanoparticles formed by the granulation of a previously deposited Fe film on the substrate act as growth sites. This mechanism essentially resembles that of conventional CNTs, except for the Fe nanowire encapsulation. The Fe@CNT growth mechanism plays a central role in growth control; however, the mechanism remains unclear.
We have recently found that the the T-CVD growth of Fe@CNTs shows selectivity toward metal species of underlayers, thin films deposited on the substrates before CNT growth. This selectivity may relate to metal nanoparticle formation. Therefore, a comprehensive examination of this phenomenon may clarify Fe@CNT growth characteristics and enable growth control. To this end, in this study, the influence of underlayer metal species on Fe@CNT growth was evaluated. Some metal species promoted growth, whereas others inhibited it. Relations among growth yield, CNT dimensions, and magnetic properties were investigated in detail.
II. EXPERIMENTAL
Silicon (Si) (100) single-crystal wafers (10 mm × 10 mm × 0.5 mm ) coated with a 300-nm thermal oxide layer were used as substrates for CNT growth. These substrates were cleaned in acetone and methanol by ultrasonication. Next, 2.0-nm-thick underlayers were deposited on substrates by vacuum evaporation (Fe, Ni, Co, Al, or Ti) or sputtering (Pt or Mo). A substrate without the underlayer was also prepared as a control sample.
CNT growth was performed using a hot-wall CVD reactor [22, 23] comprising a gas introduction system for carrier Ar gas and sublimated ferrocene [(C 5 H 5 ) 2 Fe] vapor, a quartz tube reactor heated using an electric furnace, and a mechanical rotary pump. The ferrocene precursor was heated to 150
• C in the reservoir to promote sublimation. During the CVD process, each substrate was placed in the reactor, which was subsequently evacuated to approximately 2 Pa before introducing Ar at atmospheric pressure. Next, the reactor was heated to 785
• C under Ar flow at 120 sccm, and ferrocene was introduced into the pre-heated reactor to conduct CNT growth for 10 min. Finally, the influx of ferrocene was stopped, and the reactor was allowed to cool to 80
• C under Ar flow before substrate removal.
Carbon nanotube growth morphologies were examined on the substrates by scanning electron microscopy (SEM Detailed CNT and encapsulated Fe nanowire dimensions were evaluated by transmission electron microscopy (TEM). Iron nanowire crystal structures were determined by selected area transmission electron diffraction (SAED). Magnetic properties were characterized using a vibrating sample magnetometer (VSM). Figure 1 shows representative cross-sectional SEM images of CNTs grown by T-CVD on SiO 2 /Si(100) substrates (a) without underlayer (the control sample) and covered with various metal films including (b) Fe, (c) Ni, (d) Co, (e) Al, (f) Pt, (g) Ti and (h) Mo. Vertically oriented CNTs formed on Fe, Ni, and Al underlayers. Interestingly, the substrate without underlayer (i.e., SiO 2 surface) also gave vertically oriented growth. On the other hand, Pt, Ti, and Mo underlayers generated randomly oriented CNTs. The CNT film peeled off the Co underlayer and exhibited uneven thickness despite a partial vertical alignment. In addition, the CNT film was covered by an aggregate layer that potentially consisted of amorphous carbon.
III. RESULTS
Film thicknesses were measured as average distances from substrate surfaces to CNT tips using the cross- sectional SEM images. Figure 2 shows the dependence of CNT film thickness on the nature of the underlayer. The nickel underlayer produced the thickest (about 10 µm) CNT film while the bare substrate gave the third thickest one. Because the CNT film formed on the Co underlayer partly peeled off, the thickness shown here corresponds to the intact part of the film.
The detailed growth morphology of the individual CNTs was examined by TEM. TEM images confirmed that metal nanowires were encapsulated in CNTs grown on substrates covered with Fe, Ni, Al, Pt, and Mo underlayers as well as without underlayer (Fig. 3 ). In contrast, samples generated on Co and Ti underlayers presented non-uniform metal encapsulation. These samples mostly consisted of granular encapsulated metal particles in addition to few wire-like metal objects. TEM images of CNTs grown on the Ti underlayer ( TEM images were analyzed in detail. Figure 4a -c shows CNT outer and inner diameters, nanowire filling rates and aspect ratios. The filling rate indicates the volume ratio of Fe nanowire to the CNT inner cavity (as a percentage). Here, samples clearly presenting nanowire encapsulated inside CNTs by TEM (Fig. 3) were examined [i.e., with Fe, Ni, Al, and Mo underlayers and without underlayer (w/o)]. Samples generated on Pt and Ti underlayers were neglected because of their poor morphologies. Dimensions correspond to averages of approximately 100 different randomly selected nanowires. Nanotubes formed on Mo-covered and bare substrates tended to display smaller outer (d out ) and inner diameters (d in ) compared to other samples. Inner hollow diameters were almost constant for individual CNTs. Thus, filling rates were obtained by calculating L N /L CNT , where L N and L CNT are Fe nanowire and CNT lengths, respectively (Fig. 4d) . Filling rates ranged between 50 and 65% while aspect ratios exceeded 10 for all samples.
These results indicate that the nature of the underlayer remarkably influences CNT growth. In general, CNT growth by CVD rests on catalyst nanoparticles serving as growth sites [24] , and CNT growth assessed in this study is expected to follow this regime. To evaluate this hypothesis, surface conditions of underlayer-covered substrates were observed by SEM just before the onset of CNT growth. These substrates were ramp-heated under the same conditions as for CNT growth but heating was stopped when the CNT growth temperature was reached (785 • C). No ferrocene was introduced before the substrates were cooled and removed from the reactor. The crystal structure of the CNT-encapsulated nanowires was determined by SAED. Nanotubes grown without underlayer and with Fe, Ni and Al underlayers, which showed relatively higher growth yields by SEM (Fig. 1), were examined (Fig. 6 ). All samples exhibited diffraction rings attributable to α-Fe and iron carbide (Fe 3 C), indicating that these compounds were encapsulated in the CNTs. The diffraction ring corresponding to α − Fe(200) appeared clearly in the SAED pattern of CNTs grown on a Fe underlayer. Despite its lower intensity, this ring was also observed for CNTs grown on a Ni underlayer. In contrast, it was faint for samples grown without and on an Al underlayer, which mainly displayed the ring for Fe 3 C. No other diffraction ring indicating the formation of alloys, such as Fe-Ni and Fe-Al, was detected in these SAED patterns. Magnetization curves of Fe@CNT films were measured by VSM to assess their magnetic properties. The normalized magnetization was plotted as a function of external magnetic field along parallel and perpendicular directions to the substrates (Fig. 7) . The perpendicular direction corresponds to the CNT growth direction. Films grown on Fe and Ni underlayers showed clear differences in coercivity between vertical and parallel directions. These differences were also found in samples on bare or Al and Pt covered substrates, albeit to a smaller extent. Interestingly, the Pt underlayer led to relatively high coercivity despite a poor CNT growth. Figure 8 shows the resulting perpendicular coercivities. Films grown on Fe and Ni underlayers exhibited the highest (1.4 kOe) and second highest perpendicular coercivities (1.2 kOe), respectively. Interestingly, the bare substrate gave the fourth largest coercivity, close to the third largest coercivity obtained using the Al covered substrate. These results agree with the dependence of the CNT film thickness on the underlayer metal species (Fig. 2) except for Co. Therefore, thicker CNT films tended to show larger perpendicular coercivities.
IV. DISCUSSION
This study shows that Fe@CNT growth strongly depends on the underlayer metal species. These metal species may be divided into those promoting highyield Fe@CNT growth (Fe, Ni), those leading to lowyield Fe@CNT growth (Al, Mo), and those giving poor Fe@CNT growth or turbostratic carbon structures (Co, Pt, Ti).
The growth model proposed by Deck et al. [25] is applicable to this Fe@CNT growth. This model postulates the formation of metal nanoparticles acting as growth sites on the substrate, catalyzing this CNT growth. On the other hand, ferrocene thermal decomposition forms Fe atoms, which are supplied to the CNT open tips, leading to Fe nanowire encapsulation. Here the formation of metal nanoparticles on the substrate plays an important role in Fe@CNT growth.
Iron and Ni underlayers usually serve as catalysts for CNT growth [24] . These films displayed extensive granulation on the substrates when the temperature increased to 785
• C (Fig. 5a and b) . This granulation enhances the catalytic activity of the films, promoting Fe@CNT growth. Nanotube films grown on Fe and Ni underlayers showed high thicknesses, consistent with their granulation-enhanced catalytic activities. These films also displayed different thicknesses, which may originate from dissimilar nanoparticle densities. The Ni underlayer presented denser nanoparticle formation than its Fe counterpart (Fig. 5b) , indicative of its higher catalytic activity. Cobalt has also been utilized as a catalyst for CNT growth [25] . However, the Co underlayer gave heterogeneous CNT films in this study. These CNT films peeled off, indicating their poor adhesion to the substrate. This peeling off may occur by Co-Fe-C alloy layer formation under high stress. The poor morphology of these films implies that catalyst nanoparticles did not form properly on the Co underlayer.
The Fe@CNTs also grew on Al and Mo underlayers, albeit at lower growth yields than on Fe and Ni films. Typically, Al and Mo do not display catalytic activity toward CNT growth but serve as co-catalysts. Here, the catalyst needed for CNT growth originated from the thermal decomposition of the ferrocene growth precursor, facilitating Fe nucleation and CNT growth despite the absence of a catalytic underlayer on the substrate. This process also explains CNT growth on the bare SiO 2 /Si substrate. Nanotubes grown on Pt and Ti underlayers presented extremely poor growth morphologies. Specifically, no tubular structure was observed on the Ti underlayer. Platinum also displays catalytic activity under certain conditions [26] , which differed from the current experimental conditions. Here, these underlayers inhibit the nucleation of Fe supplied by the ferrocene decomposition.
The underlayer dependence of the coercivities (Fig. 8) roughly coincides with that of the CNT film thickness (Fig. 2) . This may result from Fe@CNT alignment on the substrate. Fe@CNTs grown on Fe and Ni underlayers exhibited good vertical alignment on the substrates and were magnetized along this axial direction. Therefore, the alignment of CNT growth influences magnetic properties. The shape (i.e., aspect ratio) and crystal structure of the encapsulated Fe nanowires also affect these properties, especially coercivities [27] . However, Fe@CNTs grown on Fe, Ni, Al, and Mo underlayers and bare substrate presented aspect ratios surpassing 10 ( Fig. 4c) , which is large enough for shape anisotropy [27] . Therefore, the effect of shape anisotropy on magnetic properties was neglected in this study. Magnetic properties also depend on Fe nanowire carburization. SAED patterns (Fig. 6) indicated that CNTs encapsulated α-Fe and Fe 3 C. The Fe 3 C encapsulation lowers the coercivity [28] whereas that of α-Fe increases the coercivity. The SAED pattern of CNTs grown on the Fe underlayer showed a diffraction ring for α-Fe(200). This ring was also found for CNTs grown on the Ni underlayer, albeit at lower intensity than on the Fe underlayer. Therefore, CNTs grown on Fe and Ni underlayers have higher coercivities than on other substrates as a result of α-Fe encapsulation. A lower coercivity may stem from a shortage of Fe atoms on the substrate surface. Moreover, substrates covered with Fe and Ni underlayers exhibit catalytic activity. Consequently, Fe atoms produced by ferrocene decomposition are not consumed during catalyst film formation, leaving enough Fe atoms on the substrates. These atoms are mainly used to generate α-Fe nanowires, which efficiently form in the CNT cavities. In contrast, non-catalytic underlayers, such as Al and the bare substrate, require the formation of catalytic films or nanoparticles on their surfaces during the first stages of CNT growth. Under these circumstances, many Fe atoms are consumed to produce catalytic nanoparticles, decreasing their amount compared with that of the carbon atoms. As a result, Fe 3 C forms preferentially. This mechanism agrees with the decrease in the nanowire filling rates of CNTs grown on non-catalytic underlayers (Fig. 4b) .
CNT growth on non-Fe metal underlayers may also involve incorporation of these metals into Fe nanowires. No SAED diffraction pattern showed such an incorporation but this possibility cannot be ruled out. The crystallinity of the CNT-encapsulated nanowires may explain the absence of this phenomenon. Growth conditions may influence lattice defect formation, multigrain crystal structure formation, and crystal orientation changes in each nanowire, affecting magnetic properties. These speculations need further investigation to clarify the influence of underlayer components on Fe@CNT magnetic properties. Detailed examinations are in progress to clarify these effects.
V. CONCLUSION
The effect of the underlayer on Fe@CNT growth by T-CVD using ferrocene as a precursor was investigated. The Fe and Ni underlayers gave higher Fe@CNT growth yields than the other metals used in this study, consistent with their efficient granulation and the resulting higher nanoparticles catalytic activities. In contrast, Ti and Pt underlayers suppressed the Fe@CNT growth as a result of the inhibited catalyst nanoparticle formation. The Fe@CNTs grown on Fe and Ni underlayers showed high coercivities, which originated from α-Fe nanowire production. The Fe nanowire crystal structure depended on the Fe/C ratio on the substrate during Fe@CNT growth. Specifically, higher Fe concentrations led to α-Fe nanowires. The Fe@CNTs also grew on Al and Mo underlayers as well as on the bare SiO 2 surface. However, their growth yields and coercivities were lower than those of Fe@CNTs grown on Fe and Ni underlayers. Overall, underlayers significantly influence Fe@CNT growth morphologies and magnetic properties.
